Twenty weaned rabbits were fed ad libitum two granulated feeds containing lucerne meal, barley, oats, wheat bran, oilseed meals and sugarbeet pulp in different proportions. Phytate P in these feeds represented 28·6 and 29·3 % of the total P. Digestibility trials were carried out in rabbits 7 and 10 weeks old. Digestibility of phytate P was 82·1 %, on average. Apparent digestibility of total P was 48·1 and 35·5 % in rabbits aged 7 and 10 weeks, respectively. Concentration of P in the faecal DM of these rabbits averaged 11·9 and 14·7 mg/g. Most of the faecal P was phosphates P (68·1 %). Proportion of phytate P in total faecal P was 9·0 %. Age effect on total P digestibility and faecal P concentration was significant (P,0·05). In five in vitro experiments twenty-four rabbits were killed at the age of 11 weeks, digesta samples diluted with physiological saline containing phytic acid and incubated anaerobically. Calculations of phytase activity in segments of the digestive tract were based on the estimation of phytic acid hydrolysed during the first 2 h of incubation. The caecum contained 58·6 % of the phytase activity of the digestive tract. Corresponding relative values for the phytase activity in the stomach, small intestine and colon were 22·3, 7·7 and 11·4 %, respectively. In incubations of the caecal contents, phytic acid was hydrolysed more rapidly at pH 5 -6 than in the neutral pH region. The hydrolysis was inhibited by Ca cations, and to a small extent also by phosphate anions. Commercial fungal phytase (Natuphos w ) was highly active in incubations of the contents of the stomach at pH 1·9. It can be concluded that phytic acid is hydrolysed quite efficiently in the digestive tract of rabbits. This hydrolysis occurred mainly in the caecum. Absorption of soluble inorganic phosphates in the gut is incomplete.
Feeds of intensively reared rabbits contain high proportions of cereal grains, cereal by-products and oilseed meals . The primary form of P in these ingredients is phytic acid present as a salt (phytate) of mono-and divalent cations. Ruminants utilize phytate P very well, thanks to symbiotic microflora in the rumen (Raun et al. 1956; Morse et al. 1992; Yanke et al. 1998) . In contrast, phytate is rather poorly digested in single-stomached animals. In growing pigs, the availability of phytate P has been found to range from 20 to 60 % (for a review, see Reddy et al. 1982) . In poultry, the phytate P utilization ranges from 0 to over 50 % (for a review, see Ravindran et al. 1995) . Rodents can utilize variable amounts of phytate P. Taylor & Coleman (1979) compared the ability of rats and hamsters to utilize P from four diets varying in their content of Ca (5·1 and 10·8 g Ca/kg) and phytate (1·6 and 3·4 g phytate P/kg). Phytate P availability was significantly greater in hamsters (73·8 -87·7 %) than in rats (32·6-66·1 %) for all four diets. The ability of rabbits to utilise phytate P is not known. On one hand, the rabbit is a simple-stomached animal; on the other hand, it is a herbivore species with a complex microbial population in the hindgut. supposed that phytate P is well utilized in the rabbit because of phytase production by the microorganisms of the caecum and recycling of P through soft faeces and caecotrophy. Phytate P represented 4·0 -11·0 % of total P in faeces of rabbits fed a granulated concentrate feed containing 62 % of ingredients rich in phytic acid: barley; oats; wheat bran; sunflower-seed meal (Marounek et al. 2000) . Thus, the aim of the present study was: (i) to estimate digestibility of phytate P in rabbits fed concentrated feeds; (ii) to compare phytate hydrolysis in samples of digesta from the stomach, small intestine, caecum and colon; (iii) to identify factors influencing phytate hydrolysis in the rabbit caecum.
Materials and methods

Animals and housing
Young medium-sized Hyplus w rabbits of both sexes, born in a commercial rabbitry, were used. Rabbits were weaned at the age of 35 d and housed individually in stainless steel mesh cages for the whole period of fattening (42 d). Environmental conditions were as follows: temperature 16^18C; relative humidity 65 %; daily photoperiod cycle 14 h light -10 h dark.
Digestibility trial
Twenty weaned rabbits were divided into two groups and fed ad libitum diets I and II of different composition (Table 1) . Diet I represented a standard fattening diet high in starch. Diet II contained less cereals and more wheat bran and sugarbeet pulp to decrease susceptibility of young rabbits to digestive disorders (Jehl & Gidenne, 1996) . The concentration of total and phytate P in both diets was similar. The animals were provided with feed in the form of granules 3 mm in diameter. Feed consumption was recorded weekly. During the 7th and 10th week of age, total faeces were collected to determine the apparent digestibility of nutrients according to Perez et al. (1995) .
Digesta sampling and incubations
Twenty-four rabbits were fed with the granulated diet I and slaughtered sequentially at the age of 11 weeks to perform in vitro experiments. Eight rabbits were slaughtered at 9.00 hours, segments of their digestive tract (stomach, small intestine, caecum and colon) were emptied by gentle squeezing, and pH of the digesta was measured immediately. Contents of individual segments were weighed. Samples of digesta (5 g) were diluted with 45 ml warm (398C) O 2 -free physiological saline containing sodium salt of phytic acid (no. P 3168, Sigma, Aldrich Ltd, Prague, Czech Republic) at 2 mM (final concentration). Diluted digesta samples were incubated under a CO 2 atmosphere in a shaking water bath at 398C for 6 h. Incubations were carried out in 100 ml bottles, hermetically sealed by rubber stoppers. The pH of cultures was measured at hourly intervals and controlled manually by injecting 6 % (v/v) HCl or 5 M-NaOH. Gastric, small-intestinal, caecal and colonic samples were incubated at pH 1·9 (SD 0·1), 6·5 (SD 0·3), 6·2 (SD 0·3) and 6·5 (SD 0·3), respectively, i.e. at pH similar to in vivo values. At 2 h time intervals, samples of the incubation fluid were removed by means of a syringe, heated to 1008C for 4 min to stop enzymic reactions, and stored at 2 208C before analysis. In four 11-week-old rabbits, the contents of the stomach were incubated at pH 1·9 (SD 0·1) with or without the fungal phytase addition. Phytase (Natuphos w ; BASF Ludwigshafen, Germany) was added at 0·3 U/ml. Samples of the incubation fluid were taken at 0, 20 min, 1 , 2 , 4 and 6 h. In a separate experiment, digesta samples were diluted and heated to 1008C for 15 min before substrate addition to prevent enzymic hydrolysis of phytic acid. Samples were incubated at 398C for 6 h.
Four rabbits were slaughtered at 9.00 hours, their caeca were emptied, and pooled caecal contents mixed. A sample of the caecal contents (50 g) was diluted with 450 ml physiological saline containing phytic acid, as described earlier.
Incubations were carried out in six 500 ml bottles, closed by rubber bungs with ports for sampling, gas entry and exit. In two bottles, the pH was maintained around 5·0, in two bottles around 6·0, and in two bottles at about 6·9. The pH was measured at hourly intervals and controlled manually by the addition of 6 % (v/v) HCl or 5 M-NaOH. Samples of the incubation fluid were treated as described earlier and stored at 2 208C until they could be analysed.
The same procedure was used to assess the effect of Ca and phosphate ions on hydrolysis of phytic acid. Ca was added to incubations as CaCl 2 at 0, 6, 12 and 18 mmol/ ml. In the last experiment, phosphates were added to incubations of the caecal contents as NaH 2 PO 4 at 0, 20 and 40 mmol/ml. The pH was maintained between 5·9 and 6·2 in these incubations.
Analyses
Phytic acid in the feeds and faeces was determined by a capillary isotachophoretic method described in detail previously (Dušková et al. 2001) . In this method the molecules to be separated are sandwiched between a leading electrolyte with a high-mobility ion and a terminal electrolyte with a low-mobility ion. When the electric field is applied, the sample ions begin to sort themselves out into zones according to their mobilities. The zones remain in contact as there is no carrier electrolyte to fill the gap, but they do not mix. Faeces were freeze-dried before analyses. Phytic acid was extracted by 0·95 M-HCl, separated from interfering compounds by precipitation with FeCl 3 , and ferric phytate dissolved by 1·5 M-NaOH. The ferric hydroxide precipitate was removed by centrifugation, and the supernatant fraction neutralized by adding catex Dowex 50 WX8 in H + -cycle. The solution was analysed using the column-coupling instrument EA 101 (Villa Labeco, Spišská Nová Ves, Slovakia). The phytic acid zone was identified on the basis of the step height using a standard solution. To be sure that the identification was correct, a pooled sample of rabbit faeces was extracted, precipitated with FeCl 3 , the precipitate dissolved in NaOH, and Fe(OH) 3 removed by centrifugation. The supernatant fraction was treated with phytase (Sigma, no. P 1259) as described by Dušková et al. (2001) . Quantitative estimation of phytic acid was made via a regression equation between the concentration of phytic acid in extracts and the zone length in seconds. An external calibration method was used with solutions of the dodecasodium salt of phytic acid as standards. Phytic acid in all samples of the incubation fluid was determined using the same procedure, except that the Fe precipitation was omitted. After thawing, samples were mixed 1:1 with 1 M-HCl and treated with Dowex 50 WX8 in H + -cycle at 50 ml/ml. The mixture was shaken at room temperature for 1 h and centrifuged. The supernatant fraction was diluted 100 times with deionized water, neutralized by bis-tris propane (Sigma, no. B 6755) and analysed by isotachophoresis.
Volatile fatty acids in samples of the incubation fluid from the beginning and the end of caecal incubations were estimated by titration, after steam distillation. Total P in feeds and faeces was determined by a vanadomolybdate reagent, after ashing of dry samples at 5508C (Association of Official Analytical Chemists, 1980). Phosphates present in faeces were extracted by 5 % (w/v) TCA, and determined by the Fiske and SubbaRow method, as modified by Peterson (1978) . To determine the DM, feeds and faeces were air-dried at 1058C to constant weight. Contents of protein, fat and fibre were determined employing instruments Kjeltec Auto 1030 Analyser, Soxtec 1043 and Fibertec 2010 from Tecator AB (SKA-TEC Ltd, Prague, Czech Republic) Company, respectively. Ca was assayed by atomic absorption spectrophotometry using a Perkin Elmer 5000 instrument (Perkin Elmer Ltd, Prague, Czech Republic).
Calculations
Calculation of phytase activity in segments of the rabbit digestive tract was based on the estimation of phytic acid hydrolysed to lower inositol phosphates during the first 2 h of in vitro incubation of digesta samples. One unit of enzyme activity was defined as the amount of enzyme that hydrolysed 1 mmol phytic acid/h. The effect of age of rabbits on digestibility of nutrients and composition of faeces was evaluated by the t test.
Results
No rabbit died and no digestive disorders except transitory diarrhoea occurred during the experiment. Final body weight at the age of 11 weeks was 2·73 (SD 0·25) and 2·61 (SD 0·29) kg in rabbits fed diet I and II, respectively. Fig. 1 shows isotachopherograms of the extracts of feed and faeces of rabbits. The zone of phytic acid was well separated from the zones of other compounds and disappeared in the extract treated with phytase. Samples of feeds and faeces contained small amounts of lower inositol phosphates.
Diets I and II contained 7·41 and 7·44 g phytic acid/kg, respectively (Table 1) . Phytate P represented 28·6 and 29·3 % of the total P in these diets. Average daily intake of phytic acid was 0·92 and 1·15 g at the age of 7 and 10 weeks, respectively ( Table 2 ). Digestibility of phytate P was relatively high; 82·1 (SD 3·6) %. It was not influenced by the age or diet of the rabbits. Apparent digestibility of total P was 48·4 and 47·8 % in 7-week-old rabbits, and 38·5 and 32·4 % in 10-week-old rabbits fed diets I and II, respectively. Digestibility of P in 10-week-old rabbits was significantly lower than that in 7-week-old rabbits. As for other nutrients, the lowest and the highest digestibility was that of fibre (21·3 -28·1 %) and fat (87·0 -88·4 %), respectively. Intermediate digestibility values were those of ash (47·5-58·3 %), DM (64·5 -65·7 %) and protein (72·3 -75·6 %). Table 3 presents data on composition of rabbit faeces. The concentration of P in the faecal DM averaged 11·9 and 14·7 mg/g at the age of 7 and 10 weeks, respectively. Phytate P represented 9·0 (SD 2·0) % of the total faecal P. Its concentration in faeces significantly correlated with concentration of Ca (r 0·42; P, 0·01) and ash (r 0·40; P, 0·02). Most of the faecal P (68·1 % on average) was phosphates P extractable by 5 % TCA. Also the concentration of phosphates in faeces significantly correlated with the concentration of Ca (r 0·42; P, 0·01). Faeces of 10-week-old rabbits contained significantly more phosphates and total P than faeces of 7-week-old rabbits.
The other results were obtained with rabbits fed the concentrate diet I. Phytic acid was hydrolysed more rapidly in incubations of the caecal and colonic contents than in incubations of digesta of the small intestine and the stomach (Fig. 2) . No measurable non-enzymic hydrolysis of phytic acid occurred. In phytase-treated incubations of the gastric contents phytic acid concentration decreased to 8·6 % of its initial value within 20 min. No phytic acid was found in the incubation fluid 1 h after inoculation. Table 4 summarizes data on the specific and total phytase activity in the contents of segments of the rabbit digestive tract. The caecum contained more than half (58·6 %, on average) of the phytase activity present in the digestive tract. Corresponding values for the phytase activity present in the stomach, small intestine and colon were 22·3, 7·7 and 11·4 %, respectively. In in vitro incubations of the rabbit caecal contents, phytic acid was rapidly hydrolysed at pH 5·05^0·23 and pH 6·00 (SD 0·16), but slowly at pH 6·93 (SD 0·14) (Fig. 3) . The phytic acid hydrolysis was inhibited by Ca cations added to caecal incubations at the molar Ca:phytate ratio of 3:1, 6:1 and 9:1. Also phosphate anions inhibited phytic acid hydrolysis, however, to a small extent. Concentration of volatile fatty acids in samples of diluted caecal contents increased during incubation by 11·1 -13·6 mmol/l.
Discussion
The results of two digestibility trials showed that more than 80 % of phytic acid was hydrolysed in the digestive tract of rabbits. This suggests that phytic acid hydrolysis was more efficient in rabbits than in pigs and poultry, but less efficient than in ruminants. Neither animal age (7 v. 10 weeks) nor partial replacement of starchy components of the feed by wheat bran and sugarbeet pulp affected the percentage of phytate recovered in the faeces. Small amounts of phytic acid were decomposed to lower inositol phosphates. It can be roughly estimated that these phosphates represent less than one-quarter of the total amount of P associated with inositol ( Fig. 1) . Properties of lower inositol phosphates, for example, their chelating potential, differ from those of phytic acid (Ravindran et al. 1995) . Apparent total P digestibility was numerically much lower than phytic acid digestibility, mainly due to the gastrointestinal endogenous P secretion. In pigs, apparent digestibility values underestimate the true digestive utilization of P by about 25 % (Fan et al. 2001) . The digestibility of total P was significantly higher (P, 0·05) in 7-week-old rabbits than in 10-week-old rabbits by 9·9 and 15·4 percentage units on diets I and II, respectively (Table 2) . A corresponding increase of faecal P concentration in 10-weekold rabbits was observed (13·9 and 15·5 mg P/g DM in 10-week-old rabbits v. 11·9 mg P/g DM in 7-week-old rabbits). The concentration of phosphates in the faeces of older rabbits was also increased (Table 3) . In most mammalian species, phosphates are absorbed at the duodenal and jejunal level (Barlet et al. 1995) . Intestinal brush-border membranes contain an Na + -phosphate cotransport system, which catalyses an electroneutral entry of phosphate and Na + into the intestinal epithelial cell (Berner et al. 1976 ). This system is the target for known physiological regulations. Hattenhauer et al. (1999) found that in mice amounts of Na + -phosphate co-transporters increased at low P intake. Other factors influencing expression of Na + -phosphate co-transporter protein are level of calcitriol and growth (Murer et al. 2001) . The absorption of P in the intestine of rabbits is thus modulated both by dietary and endocrine factors. More efficient absorption of P in younger rabbits observed in the present study is probably mediated by endocrine factors as the diet composition was not changed. Better efficiency of P utilization in more rapidly growing animals presumably reflects their higher P requirement. Relative contributions of individual segments of the rabbit digestive tract to the total P absorption are not known. In pigs, Fan et al. (2001) observed no difference between true ileal and faecal P digestibility. Of the total P in pig faeces, 40 % was water-soluble inorganic phosphates, readily available for absorption. Liu et al. (2000) found a significant apparent absorption of P in the caecum of pigs when dietary Ca:P was 1·5. When Ca:P was 1·0, most of the P was absorbed in the small intestine. No apparent absorption of P occurred in the colon of pigs. It follows from our results that phytic acid was hydrolysed more slowly in incubations of the gastric and small-intestinal contents than in those of the caecal and colonic contents. The gastric hydrolysis of phytic acid, however, cannot be neglected as the digesta is delayed in the rabbit stomach for several hours (Carabaño & Piquer, 1998) . Hydrolysis of phytic acid in the stomach can be explained by the phytase activity of the diet (which is variable, but not measured in the present study), and by the phytase supplied to the stomach by caecotrophy. Since the exogenous Aspergillus niger phytase was active in the incubations of the contents of the stomach at pH 1·9, its addition to rabbit feeds would increase the pre-caecal phytic acid hydrolysis, as shown in pigs (Seynaeve et al. 2000) . The capability of the small intestine to digest phytic acid seems to be very small due to low phytase activity of the small-intestinal digesta and rapid digesta passage through this segment. In rats, the intestinal brush border phytase activity contributes to the phytate digestion, but in rabbits this activity is low (Cooper & Gowing, 1983) . Specific phytase activities of the caecal and colonic contents were 2-to 3-fold higher than those of the gastric and small-intestinal contents. Moreover, the retention time of digesta in the ileo-rectal segment of rabbits is long; 7-24 h (Carabaño & Piquer, 1998) . Thus, the hindgut appears to be the segment with the highest capacity to hydrolyse phytic acid in rabbits. Similarly, Seynaeve et al. (2000) observed in pigs that about five times more phytic acid was degraded in the hindgut than proximally to the ileo-caecal valve.
Ca is a major macroelement in animal diets. This divalent cation is generally in excess of a molar ratio of 6:1 with phytate. Solubility of calcium phytate at mildly acidic and neutral pH is very low (Scheuermann et al. 1988) . Inhibition of phytic acid hydrolysis by Ca has been reported in experiments with poultry (for a review, see Ravindran et al. 1995) , pigs (Sandberg et al. 1993; Lantzsch et al. 1995) and rats (Nahapetian & Young, 1980) . In the present study, phytic acid hydrolysis was inhibited in a dose-dependent manner by Ca cations. The faecal concentration of total and phytate P correlated with concentration of Ca, presumably because of formation of insoluble complexes containing both elements.
The present results suggest that inorganic phosphates hinder phytic acid hydrolysis by caecal micro-organisms; the inhibitory effect of phosphate anions, however, was less pronounced than that of Ca cations. A similar negative feedback mechanism exists in A. niger phytase, which is often used as a feed supplement in poultry and pigs (Dvořáková et al. 1997) . Limited information is available on the effect of inorganic phosphates on phytic acid hydrolysis in the animal digestive tract. Seynaeve et al. (2000) found that phytate hydrolysis in the ileum of pigs was reduced by the addition of mineral phosphates. Similarly, results of Ravindran et al. (2000) have indicated that high dietary concentrations of inorganic phosphates have inhibitory effects on phytase activity in broiler chickens. , Caecal contents were incubated at pH 5·05 (SD 0·23) (W), pH 6·00 (SD 0·16) (A), and at pH 6·93 (SD 0·14) (K); (b), calcium chloride was added to incubations at 0 (X), 6 (B), 12 (O), and 18 (V) mmol/ml; (c), monosodium phosphate was added to incubations at 0 (S), 20 ( £ ), and 40 (þ ) mmol/ml. Pooled caecal contents of four rabbits were used in each experiment.
Many studies have reported the beneficial effect of supplemental phytases produced by fungi of the Aspergillus genus on utilization of P, N and minerals in poultry and pigs (for a review, see Pallauf & Rimbach, 1997) . Gutiérrez et al. (2000) showed that the supplementation of A. niger phytase of a diet of growing rabbits significantly improved P and N digestibility by 24 and 7 %, respectively. In the opinion of these authors, the capacity of endogenous (caecal) phytase to release P from phytic acid is limited in rabbits. It follows from our results that rabbits digest phytic acid fairly efficiently; a high concentration of phosphates in faeces, however, suggests that the ability of rabbits to absorb phosphates liberated in the hindgut may be limited by high digesta viscosity, a low intestinal surface:digesta volume, and possibly also by insufficient transporting capacity of the epithelium. The addition of exogenous phytase to rabbit feeds could increase phytic acid hydrolysis in the upper part of the digestive tract and eliminate the need for inorganic phosphate supplements. 
